Manoeuvrability is critical to the success of many species. Selective forces acting over millions of years have resulted in a range of capabilities currently unmatched by machines. Thus, understanding animal control of fluids for manoeuvring has both biological and engineering applications. Within inertial fluid regimes, propulsion involves the formation and interaction of vortices to generate thrust. We use both volumetric and planar imaging techniques to quantify how jellyfish (Aurelia aurita) modulate vortex rings during turning behaviour. Our results show that these animals distort individual vortex rings during turns to alter the force balance across the animal, primarily through kinematic modulation of the bell margin. We find that only a portion of the vortex ring separates from the body during turns, which may increase torque. Using a fluorescent actin staining method, we demonstrate the presence of radial muscle fibres lining the bell along the margin. The presence of radial muscles provides a mechanistic explanation for the ability of scyphomedusae to alter their bell kinematics to generate non-symmetric thrust for manoeuvring. These results illustrate the advantage of combining imaging methods and provide new insights into the modulation and control of vorticity for low-speed animal manoeuvring.
Introduction
The ability to control position and manoeuvre within a fluid environment is a common yet critical behaviour for many animals. This is exemplified in situations where prey must out-manoeuvre a predator or, conversely, a predator must turn fast enough to catch its prey [1] . Manoeuvring can also be used more subtly such as the ability of the jellyfish (Aurelia aurita) to respond to fluid shear stress in order maintain position within the water column [2] . With their flexible bodies, animal manoeuvring performance is unmatched by current machines [3] . This performance advantage has been attributed to effective formation and control of vortices by flexible propulsive structures [4] . Jellyfish represent a unique opportunity to investigate animal manoeuvring because of their simple body plan, ecological success and transparent bodies that permit fluid imaging techniques such as particle image velocimetry (PIV).
These animals are often universally described as using jet propulsion for locomotion. This assumption could be based on early studies of swimming in hydrozoan species [5, 6] . However, cnidarian medusae consist of a diverse array of morphologies and swimming styles and estimates of thrust production due to jet propulsion are not adequately explained in oblate medusae [6] . Many oblate medusae such as the moon jellyfish, A. aurita, do not produce defined jets but instead produce prominent vortices at the bell margins [6] [7] [8] [9] . The bell margin has been defined as the ring of flexible tissue running from the distal margin of the bell (where the tentacles begin) to a proximal line of high bending [10] . The vortices generated here are consistent with a predominantly dragbased, 'rowing' mode of propulsion [11] and form along the body similar to the flow patterns around a fish tail [12, 13] . In order to manoeuvre, animals must create a force imbalance across the body to generate torque. This is an interesting problem for axisymmetric organisms such as cnidarians as a deviation from axisymmetry appears necessary to create a force imbalance while swimming. Conventional knowledge suggests scyphozoan jellyfish use only circular muscles for swimming. However, this alone is not adequate to create significant deviations from axisymmetry. It has been shown that radial muscle exists in the vellum of some hydrozoan species that rely on jet-based propulsion in order to position the jet [14] , but its presence and potential role in rowing scyphozoan swimmers remains unknown.
Previous experimental studies on animal manoeuvring [4, 15] and jellyfish swimming [11,16 -18] have relied solely on two-dimensional methods. While planar methods provide high resolution of fluid motion on either side of the animal, the results cannot provide fluid information beyond the imaged plane during non-axisymmetric motions. Direct volumetric measurements in conjunction with planar methods are needed to facilitate investigations of animal manoeuvring and provide a baseline by which we can determine the accuracy of two-and three-dimensional extrapolation methods for complex biological wake structures. In this study, we present results from the first application of instantaneous volumetric PIV on swimming medusae. In combination with planar methods, high-speed kinematics and actin staining techniques, we identify characteristics of associated vortex dynamics to produce turning behaviour.
Material and methods

Housing and care of jellyfish
Jellyfish (A. aurita) with bell diameters of 3 -4 cm were obtained from the New England Aquarium, Boston, MA. Animals were maintained at 208C in 20 l aquaria with very light aeration. Seawater was made using a commercial salt mix (Instant Ocean) and maintained at a salinity of 32 ppt. Jellyfish were fed daily using Artemia salina that were hatched from cysts the day before. Fifty per cent of the water was changed every 24 h in aquaria holding jellyfish to maintain high water quality and optimal health of the animals.
Volumetric particle image velocimetry (V3V)
The filming set-up for these experiments consisted of a glasswalled rectangular aquarium with dimensions of 400 Â 250 Â 200 mm, and the measurement volume was located at the centre of the tank. The flow was stationary, and the jellyfish swam freely within the pre-seeded tank. Data were taken when the jellyfish manoeuvred through the measurement volume. The particle seeding consisted of 55 mm diameter polyamide particles that are very neutrally buoyant (density % 1.1 g ml
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) in the saltwater solution (density ¼ 1.024 g ml 21 ), for a settling time of the order of hours. Within each image set, the average number of successfully tracked particles was %32 000 vectors. These vectors were interpolated onto a rectangular grid for analysis. A total of 34 sequences were taken and analysed. Five different jellyfish were used in the experiments, with only one jellyfish in the tank at a time.
Using a volumetric three-component velocimetry (V3V) volumetric flow imaging triple camera probe (TSI Incorporated, Shoreview, MN, USA), we captured three-dimensional snapshots of the wake structure produced by the jellyfish A. aurita. The volume of interest (14 Â 14 Â 10 cm) was illuminated by a 120 mJ dual-head pulsed Nd : YAG laser (532 nm). Groups of image pairs (one pair per camera-three pairs in total) were captured at 7.25 Hz with a time of 3.5 ms in between each image pair, at 12-bit resolution. Particle positions and displacements were calculated between laser pulses using INSIGHT V3V (v. 1.1) as detailed in Troolin & Longmire [19] and Pereira et al. [20] . The three lens and charge-coupled device arrays (2048 Â 2048) were calibrated by traversing a target with known dotspacing across the transverse (Z ) plane of the flow tank where the target animals swam. Three-dimensional velocity vectors were analysed and visualized using TECPLOT 360 software.
Planar particle image velocimetry
Two-dimensional analysis was performed by illuminating jellyfish with a laser sheet (LaVision 2 W continuous wave; 680 nm) oriented perpendicular to the camera's optical axis. Recordings of free-swimming animals were acquired using a high-speed digital video camera (Fastcam 1024 PCI; Photron) at 1000 frames s
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. Vector data were processed using Lavision's DAVIS 7.2 software. A Student's t-test was used to compare fluid variables between straight swimming and turning behaviour. Data were first checked for normality using the Shapiro-Wilk test.
Kinematics of jellyfish swimming
Animal swimming speeds and bell kinematics were measured using IMAGEJ (v. 1.48) software. Swimming sequences in which the animal moved out of plane of the laser sheet were not considered in kinematic or PIV analysis to ensure accuracy of twodimensional data. Differences in contraction timing across the body were estimated by observing the bell margin at high speed (1000 fps) of free-swimming animals performing both straight swimming and turning behaviour. We determined the moment at which each side of the animal initiated swimming movements when the region of the bell near the margin began to move inwards. The delay was measured as the difference in time (ms) between this initial movement at each side of the animal.
Observations of jellyfish musculature
An actin staining technique [21] was used to identify jellyfish muscle structure. Whole mounts of stained intact jellyfish, or pieces of marginal tissue, were examined with an Olympus Fluoview 1000 confocal microscope. Z-stack images were constructed from each series of 0.5 -1 mm optical sections. In addition, the radial muscle cells were followed in individual optical sections within a series to verify their full length.
Results
Aurelia aurita jellyfish (bell diameter 3-4 cm) moving with a straight trajectory swam with a pulse frequency of 0.78 Hz 12) . A consequence of the imbalanced vorticity is the creation of torque which acts to rotate the body of the jellyfish relative to the location of the vortex ring (figure 1b). Additionally, the jet of fluid that forms all around the body between the jellyfish and vortex ring in straight swimming cases is absent on the pivot side of the turn (figure 1b).
To create asymmetric, inclined vortices, the region of the bell associated with the pivot point initiates contraction 97 ms (s.d. 25) earlier than the other side of the body. This is significantly ( p ¼ ,0.001; t-test; n ¼ 12) longer than during straight swimming where the difference in timing on either side of the body is only 30 ms (s.d. 14). There are also noteworthy differences in the bending of the bell margin during straight swimming and turning behaviour. Figure 1c shows one side of the animal during straight swimming, 120 ms after onset of contraction. Figure 1d ,e shows the same region of a jellyfish during a turning manoeuvre. Here, the bell margin on the side of the animal that becomes the inside ( pivot location) of the turn is kept rigid (figure 1d), while the bell margin associated with the outside of the turn displays enhanced bending (figure 1e). The resulting rotation of the body causes the starting vortex at the outside of the turn to rapidly separate from the body, but the starting vortex on the inside of the turn remains in close proximity to the bell margin (figure 1b). Volumetric analysis of the vortex wake shed by A. aurita during turning behaviour indicates that vorticity of both the stopping and starting vortex is localized to the region associated with the outside of the turn (figure 2d). Threedimensional wake structures also reveal that the vortex ring has a larger diameter over this region relative to straight swimming. Figure 3 shows the difference in vorticity magnitude at various regions of a vortex during straight swimming and turning. During turns, this larger area of vorticity extends beyond the outer edge of the body associated with turning with more than or equal to 50% of the vortex ring exhibiting elevated vortex diameter and greater vorticity. Vortex structures are also not spaced evenly in the wake, as in straight swimming, but inclined relative to each other and the body (figures 2d and 4a). The appearance of 'broken' vortex rings shed behind the jellyfish during turning behaviour (figure 2d) is likely to be the result of temporal differences in separation of the vortex from the bell margin leading to low vorticity on the inside below the threshold of vorticity isosurface settings. Planar PIV measurements show a portion of the vortex can remain close to the body ( figure 4a, panels IV, V) . Figure 3 shows a diagrammatic representation of the hypothesized vortex arrangement during straight swimming and turning based on information from two-dimensional and volumetric observations.
Using an actin staining technique, we find that the circular, striated musculature forms a continuous sheet throughout most of the subumbrellar surface, with muscle cells tightly packed. However, the circular musculature sheet terminates short of the margin, leaving a swim muscle-free zone 0.1-0.2 mm wide. This region plus an overhanging 'hood' of exumbrellar tissue (overhangs the attachment sites of the marginal tentacles) contribute to the flexible margin of Aurelia. Close examination of the swim muscle-free marginal zone reveals the presence of radial muscle fibres. The fibres, which are of the smooth muscle type, run individually within the subumbrellar margin, from the free edge to the beginning of the circular (swim) muscle sheet. Confocal examination of optical sections suggests that the radial muscle cells do not extend beyond (under) the circular muscle. The fibres are up to 3 mm in diameter and are closely spaced, but not densely packed (figure 4b,c).
Discussion
Animal manoeuvring is important ecologically and the ability to generate and control vortices is paramount to the rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150389 successful execution of a turning manoeuvre. Until now, jellyfish swimming has been universally described by the formation of vortex rings with relatively balanced vorticity around the medusan bell [9, 18, 22] . Jellyfish have simple body plans but can achieve fine control of vortex generation. Several factors that govern manoeuvring in Aurelia have been identified in this study. Contracting the body on the inside of the turn significantly sooner than the outside may aid in the ability to shed a vortex structure that is not a balanced ring. While there is naturally a temporal difference in the onset of contraction across the body as each swimming cycle is initiated by one of eight rhopalia at the bell margin [23] , this is significantly shorter than the difference during turns, suggesting the ability and importance of jellyfish to control the signal propagation which initiates swimming contractions. We also observed that the bell margin itself was actively controlled. The bell margin at what becomes the inside of the turn ( pivot region) is held more rigid and inflection is not evident ( figure 1d ). This contrasts sharply with the outside of the turn where high flexibility within the bell margin is observed (figure 1e). Bending is known to enhance swimming performance of jellyfish [7] . Thus, holding the inside margin straight while allowing enhanced bending at the outside margin may explain the ability to generate higher vorticity values, relative to straight swimming, on the outside of the turn while simultaneously exhibiting lower values on the inside. This differential inflection at the inside of the turn may also contribute to the ability to keep one side of the starting vortex in close proximity to the body while rapidly shedding the vortex into the wake on the other side. This process is evident in figure 4a . The starting vortex initially interacts with the entire bell margin ( panel III) but is only shed into the wake from the region of the bell margin associated with the outside of the turn ( panel V).
This may be an important aspect of low-speed manoeuvring as low pressure is associated with vortex cores [24] . High bending and inflection on the outside of the turn results in elevated vorticity which is shed from the body and into the wake. However, on the inside of the turn, the starting vortex remains associated with the outside of the bell margin. This may create a situation where a 'pushing' force is generated on the outside of the turn and a pulling or 'anchoring' force is generated on the inside of turn due to continued vorticity (i.e. low pressure) against the outer region of the bell margin. Essentially, this could allow the forces on either side of the bell to act in the opposite direction across the body and act to maximize torque and the degree of turning per swimming contraction while minimizing turning radius. More detailed quantification of pressure balance across the body will be necessary to evaluate these potential manoeuvring mechanics.
The conventional understanding of jellyfish locomotion involves the contraction of circular muscles in the animal's bell. However, this alone is not sufficient to explain observations of dynamic control at the bell margin where rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150389 circular muscle is not present. Without active control of the bell margin, flow manipulation would be highly constrained between different regions of the body. This phenomenon has been observed during investigations into fish locomotion where an inability to actively control stiffness of a propulsive surface produces different flow patterns and performance [25] . An actin staining method confirmed the circular muscle bands of Aurelia are distinctive and do not cross into the bell margin (figure 4d ). However, a loose array of radial muscle was detectable throughout the bell margin. Previously, the use of radial muscle for the creation of asymmetric contractions has only been described in a few hydrozoan jellyfish species, where velum orientation is modulated to control a directed jet [23, 26] . The presence of radial muscle and highly asymmetric contractions in schyphozoan jellyfish suggests that the role of radial muscle in position control may be more widespread and important among the Medusozoa than originally thought. The radial muscle could theoretically function in two ways, either to enhance marginal bending or to increase marginal stiffness. However, given that marginal bending can still occur and generate vortices in anaesthetized animals if artificially propelled forward [27] and passive structures in robotic jellyfish can generate similar vortex patterns to live, straight swimming jellyfish [7] , it is most likely that radial muscle is functioning to stiffen the bell margin at the pivot point during turns. This would reduce the local vorticity and thrust at this region creating torque across the body.
Volumetric data of the wake structures behind straight swimming medusae (figure 2a) allow us to confirm what has been assumed (axisymmetry) in previous studies of jellyfish locomotion using two-dimensional methods for straight swimming behaviour [11, 28] . Volumetric data also give us better insight into how vortices are altered during turning manoeuvres ( figures 2d and 3c,d) . The ability to quantify vorticity magnitude at various locations within a vortex ring shows that the outer half of the vortex ring (opposite the pivot point) maintains elevated vorticity with the peak being located directly opposite the pivot location of the turn (figure 3c). This vorticity imbalance is exacerbated by a reduction in vorticity on the side of the vortex ring associated with the inside of the turn. Here, the minimum vorticity occurs at the pivot location of the turn. By visualizing the two-and three-dimensional wake structures of the vortices from multiple swimming cycles, we are able to develop a conceptualized understanding of vortex arrangement (figure 5). The straight swimming case results in axisymmtric vortex rings shed evenly behind the animal, but the turning data suggest vortices can remain linked at the pivot point of the turn. This type of vortex linking arrangement has been proposed in studies of fish swimming from both two-dimensional data [29, 30] and volumetric data [31] . The use of volumetric methods is important for studies of animal locomotion because vortex structures from non-axisymmetric swimmers are often different from those reconstructed from two-dimensional data [31] . This study leverages both planar and volumetric techniques to obtain a more comprehensive understanding of how animals can manipulate vorticity for positional control. The results emphasize the role of differential flexibility of the propulsive structure for the generation variable vortex structures. While straight swimming can be accomplished through passive margin flexibility [7] , lowspeed manoeuvring requires differential control of flexibility. In the case of jellyfish, this is accomplished by the presence of radial muscle. Thus, understanding how animals manipulate vorticity during manoeuvring is important for both ecological (i.e. prey capture) and engineering (i.e. bioinspired propulsion) applications. 
